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Abstract
High transverse momentum neutral pion and charged hadron suppression pattern with respect to reaction plane at RHIC and LHC
energies in central and semi-peripheral AA collisions are studied in a perturbative QCD based model, CUJET2.0. CUJET2.0 has
dynamical DGLV radiation kernel and Thoma-Gyulassy elastic energy loss, with both being generalized to including multi-scale
running strong coupling as well as energy loss probability fluctuations, and the full jet path integration is performed in a low pT
flow data constrained medium which has 2+1D viscous hydrodynamical expanding profile. We find that in CUJET2.0, with only
one control parameter, αmax, the maximum coupling strength, fixed to be 0.26, the computed nuclear modification factor RAA in
central and semi-peripheral AA collisions are consistent with RHIC and LHC data at average χ2/d.o. f . < 1.5 level. Simultaneous
agreements with high pT azimuthal anisotropy v2 data are acquired given average αmax over in-plane and out-of-plane paths varying
as little as 10%, suggesting a non-trivial dependence of the high pT single particle v2 on the azimuthally varied strong coupling.
Keywords: Heavy ion phenomenology, Jets
1. Introduction
Quantitatively predicting jet quenching observables in relativistic heavy-ion collisions at RHIC and LHC is an
important concentration of perturbative QCD (pQCD) based jet energy loss models. Given the complexity of jet
medium dynamics and bulk flow fields, clarifying the underlying parton medium interaction mechanism and the
evolution profile of quark-gluon plasmas (QGP) is a crucial. Recent jet quenching data from RHIC [1, 2] and LHC
[3–5], in particular, neutral pion (pi0) and charged hadron (h±) nuclear modification factor RAA and single particle
azimuthal anisotropy v2, have provided key constraints for pQCD jet tomography models.
Within the pQCD framework, AMY, ASW and HT models well-explained the recent experimentally observed
leading hadron RAA at both RHIC and LHC, however significantly underestimated high transverse momentum (pT )
elliptic flow v2 [12]. To gain simultaneous consistency with RhAA(pT > 5GeV, |η| < 1;
√
s, b) and vh2(pT > 5GeV, |η| <
1;
√
s, b) data in various
√
s, b setup of AA collisions with minimally introduced tuning degrees of freedom is therefore
one of the most imperative phenomenological goals for pQCD hard probe models.
The CUJET2.0 [6] model is developed in the pQCD scenario based on the (D)GLV opacity expansion theory [8, 9].
It features: (1) numerical evaluation of DGLV opacity series for radiative jet energy loss in dynamical QCD medium;
(2) inclusion of fluctuating Thoma-Gyulassy (TG) elastic energy loss; (3) coupling radiation and scattering kernels
to state-of-the-art 2+1D viscous hydrodynamical fluid fields; (4) inclusion of multi-scale running strong coupling
in both inelastic and elastic energy loss sectors; (5) full jet path integration with realistic geometry fluctuations; (6)
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convolution over numerical pQCD initial production spectra of all flavors; and (7) convolution over jet fragmentation
functions and evaluation of heavy flavor lepton spectra.
The kernel of CUJET2.0 energy loss model for induced gluon bremsstrahlung is the running coupling DGLV
opacity series. To the first order in opacity, it has the form:
xE
dNn=1g
dxE
(x0, φ) =
18CR
pi2
4 + n f
16 + 9n f
∫
dτ ρ(z)
∫
d2k⊥
∫
d2q⊥
α2s(q2⊥)( f 2E − f 2M)
(q2⊥ + f 2Eµ2(z))(q
2⊥ + f 2Mµ2(z))
× αs( k
2⊥
x+(1 − x+) )
−2(k⊥ − q⊥)
(k⊥ − q⊥)2 + χ2(z)
[
k⊥
k2⊥ + χ2(z)
− (k⊥ − q⊥)
(k⊥ − q⊥)2 + χ2(z)
]
×
[
1 − cos
(
(k⊥ − q⊥)2 + χ2(z)
2x+E
τ
)] (
xE
x+
)
J(x+(xE)) ,
(1)
where z = (x0 + τ cos φ, y0 + τ sin φ; τ) is the coordinate of the jet in the transverse plane; ρ(z) and T (z) are the local
number density and temperature of the medium; χ2(z) = M2x2+ + m2g(z)(1 − x+), and squared gluon plasmon mass
m2g(z) = f 2Eµ
2(z)/2, 1-HTL Debye mass µ(z) = g(z)T (z)
√
1 + n f /6, and g(z) =
√
4piα
(
4T 2(z)
)
. The running strong
coupling αs(Q2) has Zakharov’s 1-loop pQCD running that is cutoff in the infrared when coupling strength reaches a
maximum value αmax: αs → αs(Q2) = αmax (Q2 ≤ Q2min), 4pi[β0 log(Q2/Λ2QCD)]−1 (Q2 > Q2min) [10]. The minimum
running scale Q2min is fixed by Q
2
min = Λ
2
QCD exp {4pi/9αmax} according to αmax. The assumed upper bound of strong
coupling strength αmax, along with HTL deformation parameters fE and fM in the effective scattering potential, span
the parameter space of CUJET2.0. In the elastic sector, TG formula is used:
dE(z)
dτ
= −CRpi αs(µ(z)2) αs(E(z)T (z)) T (z)2
(
1 +
n f
6
)
log
 4T (z)
√
E(z)2 − M2[
E(z) − √E(z)2 − M2 + 4T (z)] µ(z)
 . (2)
A Poisson ansatz is assumed in the radiative sector for incoherent multiple gluon emissions, while a Gaussian fluctu-
ation is applied in the elastic. Total energy loss probability distribution is the convolution of radiative and elastic, it is
then convoluted with firstly pQCD pp jet production spectra, secondly Glauber AA initial jet distribution, and finally
jet fragmentation functions to get the hadron spectra in AA collisions.
2. Results and discussions
The CUJET2.0 model can be coupled to a wide range of bulk evolution profiles. At present stage, the energy loss
kernel is integrated with fluid fields generated from VISH [11] 2+1D viscous hydro which is constrained by low pT
flow data. We study central b=2.4fm/0-10% centrality and semi-peripheral b=7.5fm/10-30% centrality AA collisions
at RHIC and LHC energies. The HTL deformation parameters ( fE , fM) in Eq. (1) are fixed to be (1, 0) to maintain the
HTL scenario in a dynamical QCD medium, it makes αmax the only adjustable parameter in our model.
The average RAA results for RHIC Au+Au
√
sNN = 200GeV and LHC Pb+Pb
√
sNN = 2.76TeV are shown in
Fig. 1. The αmax value rises from 0.20 to 0.35 with 0.01 increment and corresponding χ2 analysis is performed.
With the combination of running coupling and transverse expanding medium effect, the steep rising and subsequent
flattening signature of pT dependent on RAA at LHC is manifest within the CUJET2.0 framework, as opposed to
fixed coupling CUJET1.0. According to the χ2 analysis, CUJET2.0 HTL αmax = 0.25 − 0.27 model agrees with
measurements of pi0/h± RAA at RHIC and LHC both central and semi-peripheral AA collisions simultaneously at the
level of χ2/d.o. f . < 1.5. Using this αmax range, the effective jet transport coefficient qˆ calculated in CUJET2.0 are
consistent with qˆ extracted from HT-BW, HT-M, MARTINI and McGill-AMY models [7]. And if one allows for
χ2/d.o. f . < 2, αmax = 0.23 − 0.30. The αmax value in CUJET2.0 is significantly smaller than the case of running
coupling CUJET with transverse static Glauber + longitudinal Bjorken expansion, whose αmax = 0.4, suggesting
longer jet path length in a transverse expanding medium overrides the diminished density and results in overall more
energy loss.
The reaction plane dependent pi0 quenching pattern, Rin/outAA (pT ) ≈ RAA(pT )[1 ± 2v2(pT )], at RHIC is calculated
in CUJET2.0 and shown in the left panels of Fig. 2, with corresponding χ2/d.o. f .(αmax) demonstrated in the mid-
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Figure 1. RpiAA versus pT in CUJET2.0 and χ
2 analysis. αmax is increased from 0.20 to 0.35 in 0.01 steps in the dynamical HTL scenario ( fE =
1, fM = 0). Azimuthally averaged RpiAA in RHIC Au+Au
√
sNN = 200GeV b=2.4fm (top left), 7.5fm (bottom left); LHC Pb+Pb
√
sNN = 2.76TeV
b=2.4fm (top middle), 7.5fm (bottom middle) collisions are calculated. The results are compared to measurements of: PHENIX 2008 and 2012
pi0RAA(pT ) [1], STAR pi0RAA(pT ) [2] in Au+Au 200AGeV collisions; ALICE h±RAA(pT ) [3], CMS h±RAA(pT ) [5] in Pb+Pb 2.76ATeV collisions.
VISH2+1 [11] bulk evolution profile is used, which has MC-Glauber initial condition, τ0 = 0.6 fm/c, s95p-PCE EOS, η/s = 0.08 and T f = 120
MeV. In real-time computations, smooth profiles from VISH2+1 are embedded. The path integration in Eq. (1) is cutoff at T (x0, φ, τ)|τmax = 120
MeV. χ2/d.o. f . versus αmax is calculated in b=2.4fm (top right), 7.5fm (bottom right) for RHIC (red) and LHC (blue) respectively, and the
average over all four χ2/d.o. f .’s is plotted as a reference in both panels (dashed black). In terms of average RAA, CUJET2.0 HTL scenario has
αmax = 0.25 − 0.27 at average χ2/d.o. f . < 1.5 level, and αmax = 0.23 − 0.30 at average χ2/d.o. f . < 2 level. The small value of the strong coupling
constant is partially resulted from the dominating longer jet path length in the transverse expanding medium, which overrides reduced medium
density and induces overall enhanced quenching. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
dle panels. Choose αmax = 0.26 for RinAA and αmax = 0.29 for R
out
AA in b = 2.4 fm collisions, αmax = 0.23 for
RinAA and αmax = 0.26 for R
out
AA in b = 7.5 fm collisions, the reaction plane dependent pion suppression pattern
computed from the CUJET2.0 model are consistent with RHIC measurements. Since RAA(pT ) ≈ [RinAA(pT ;αinmax) +
RoutAA(pT ;α
out
max)]/2 ≈ RAA(pT ; (αinmax + αinmax)/2), with this set of αmax’s, average Rpi,hAA has χ2/d.o. f . < 2 at both RHIC
and LHC according to the right panels of Fig. 1. Furthermore, extrapolations to LHC elliptic flow v2(pT ) via inversing
Rin/outAA (pT ; v2(pT );α
in/out
max ) are also in considerable agreements with data, as shown in right panels of Fig. 2. Therefore,
with as less as 10% azimuthal variation of path averaged αmax, CUJET2.0 results are consistent with both RAA and
v2 data at both RHIC and LHC at the level of average χ2RAA,v2/d.o. f . < 2
The physics underneath the azimuthal angle dependence of the path averaged strong coupling strength is two fold:
Firstly, in the setup of the running coupling in the DGLV opacity series, the temperature scale only appears in the
thermal running of the Debye screening mass. For αmax = 0.26, the minimal running scale Qmin ∼ 2.9GeV, it means
in this situation the temperature scale has no impact on the running coupling, which is unnatural. If for example a
non-perturbative near Tc enhancement of αs exists, local temperature effects would lead to an amplification of late
time energy loss and hence a larger v2, and it would manifest itself in the present CUJET2.0 model as a dependence
of path averaged coupling strength on the azimuthal angle. Secondly, if a 10% change in the in- and out-of plane
path averaged coupling strength can induce 100% increase of v2, then there is a possibility that the originally under-
predicted v2 in the model comes from uncertainties in the hydro evolution profile, because high-pT v2 comes roughly
half from the energy loss and half from the hydro bulk, and at current stage only the smooth profile from VISH2+1 is
used.
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Figure 2. (Left panels) CUJET2.0 pi RinAA (∆φ = 0
◦, dashed curves) and RoutAA (∆φ = 90
◦, solid curves) versus pT for Au+Au 200 AGeV b=2.4fm
(left top), 7.5fm (left bottom) calculated in the dynamical HTL ( fE , fM) = (1, 0) scenario with αmax varies from 0.20 to 0.35. The bulk evolution
profile being used is the same as in Fig. 1. PHENIX [1] measurements of pi0RAA in Au+Au
√
sNN = 200GeV with centrality 0-10% (top left) and
20-30% (bottom left), and reaction plane ∆φ = 0 − 15◦ (dashed black), 75 − 90◦ (solid black) are compared. (Middle panels) χ2/d.o. f . vs αmax for
Rin/outAA calculated from left panels. αmax = 0.26 R
in
AA and αmax = 0.29 R
out
AA for b = 2.4 fm, αmax = 0.23 R
in
AA and αmax = 0.26 R
out
AA for b = 7.5
fm generate experimentally compatible pi0 Rin/outAA (pT ) at RHIC, while ensuring fits to average R
pi,h
AA in RHIC and LHC at χ
2/d.o. f . < 2 level, cf.
Fig. 1. (Right panels) Extrapolation to LHC h±v2(pT ) in Pb+Pb 2.76 ATeV b=2.4fm (top right), 7.5fm (bottom right) collisions after constrained
CUJET2.0 with RHIC Rin/outAA (pT ). Results with 10% azimuthal variation for path averaged αmax (dashed black) are in agreements with ALICE
(v2{4}, |η| < 0.8) [3], ATLAS (|η| < 1) [4] and CMS (|η| < 1) [5] measurements in both central and semi-peripheral AA collisions.
In addition, the αmax’s azimuthal dependence has a clear pattern: at τ0, the length of the medium in the b = 2.4
fm and b = 7.5 fm collision along the φ = 0◦ and φ = 90◦ direction can be approximately ordered as 7.5fm + 0◦ <
7.5fm+90◦ ≈ 2.4fm+0◦ < 2.4fm+90◦, and the best fit αmax in corresponding situations is 0.23 < 0.26 = 0.26 < 0.29
— a longer path requires a stronger coupling for correctly predicting the high pT single particle v2.
3. Summary
In the DGLV based CUJET2.0 [6] model, for semi-peripheral A+A collisions, with only ∼10% variation of the
average coupling strength for paths in-plane versus out-of-plane, the azimuthal asymmetry of jet quenching can be
accounted for at both RHIC and LHC.
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